We report on the Zeeman deceleration of ground-state NH radicals, using a decelerator that consists of 100 pulsed solenoids and 100 permanent hexapoles. Packets of state-selected NH (X 3 Σ − , N=0, J=1) radicals are produced with final velocities ranging between 510 m/s and 150 m/s. The velocity distributions of the packets of NH exiting the Zeeman decelerator are probed using velocity map imaging detection. We present a new 1+2' resonance-enhanced multiphoton ionization scheme for NH, that allows for velocity map imaging detection under ion recoil-free conditions. The packets of Zeeman-decelerated NH radicals, in combination with the new detection scheme, offer interesting prospects for the use of this important radical in high-resolution crossed-beam scattering experiments.
I. INTRODUCTION
In recent years, there has been a growing interest to study collisions between atoms and molecules under wellcontrolled conditions, and at low collision energies. This interest stems from the exotic and intriguing quantum phenomena that can be observed, such as the occurrence of quantum diffraction oscillations [1] [2] [3] , productpair correlations in bimolecular collisions [4] or scattering resonances [5] [6] [7] [8] . The experimental observation of these phenomena provide extremely sensitive tests for quantum scattering calculations [9, 10] , and paves the way for future research directions that aim to control collisions or chemical reactions using externally applied electric or magnetic fields [11] .
Nowadays, various methods are available to study molecular collisions at temperatures below a few Kelvin. Molecules can be confined in traps where collisions may be studied between the molecules [12] [13] [14] , or with a cotrapped collision partner [15] . The crossed-beam technique, historically the workhorse to study molecular collisions with the highest possible level of precision [16] , can also be used to reach the required low energies, either by allowing the beams to cross at small or even zero intersection angle [6, 7, 17] , by slowing the molecules down using Stark or Zeeman decelerators [18, 19] , or by using a combination of both.
The NH radical has been a species of primary interest for these experiments, ever since the field of cold molecules developed since the late 90's. NH in the metastable a 1 ∆ state is very amenable to the Stark deceleration technique, whereas the 2 µ B magnetic moment in the X 3 Σ − electronic ground state makes the molecule a prime candidate for magnetic deceleration and trapping experiments. The electronic energy level structure of NH in principle allows for the re-loading of packets of ground-state NH (X 3 Σ − ) molecules in a magnetic trap after Stark deceleration in the metastable a 1 ∆ state, thereby increasing the density of trapped molecules [20] . Stark deceleration [21] and electrostatic trapping of NH (a 1 ∆) [22] , as well as the subsequent transfer of multiple packets into a magnetic trap was experimentally achieved, demonstrating the feasibility of the approach [23] . Trapped samples of NH (X 3 Σ − ) have also been produced via the buffer gas cooling technique [24] , and used to measure the radiative lifetime of vibrationally excited NH [25] . The electric dipole allowed A 3 Π ← X 3 Σ − transition has a remarkably high Franck-Condon factor [20] , which offers interesting prospects for direct laser-cooling. Collisions involving cold samples of NH have also been the subject of a number of high-level theoretical investigations [26] [27] [28] [29] [30] . NH is expected to have interesting collision properties with Rb atoms due to near-resonant electronic energy levels [31] . Recent work also suggests that NH may have favorable collision properties to be used in sympathetic cooling approaches [32, 33] . Furthermore, NH is an important species in astrochemistry, and collisions between NH and He atoms or H 2 molecules have been investigated theoretically, predicting the occurrence of pronounced scattering resonances at temperatures below 10 K [34] [35] . Last but not least, a large body of work exists on state-to-state crossed-beam experiments involving NH collisions at higher energies [36] [37] [38] .
Despite its relevance and amenability to the Zeeman deceleration technique, the deceleration of ground-state NH (X 3 Σ − ) radicals using a Zeeman decelerator has not yet been reported. This is in part due to the fact that a relatively long Zeeman decelerator is required to significantly reduce the mean velocity of a beam of NH, and in part due to the relatively difficult production and detection techniques for NH. Here, we present the deceleration of ground-state NH (X 3 Σ − ) molecules using a 3-meter-long Zeeman decelerator that consists of 100 pulsed solenoids and 100 permanent hexapoles. Packets of state-selected NH in the rovibrational v = 0, N = 0, J = 1 ground state are produced with a continuously variable mean velocity in the 510-150 m/s range. The packets of NH radicals exiting the decelerator are characterized using Velocity Map Imaging (VMI) detection, directly probing both the longitudinal and transverse velocity spreads of the molecular distributions. To record these velocity spreads with a high resolution, we present a new 1+2' Resonance-enhanced Multi Photon Ionization scheme (REMPI) with which NH radicals are stateselectively ionized under ion recoil-free conditions.
II. EXPERIMENT
The experiments are performed in a newly constructed molecular beam apparatus containing a 3-meter-long Zeeman decelerator that is schematically shown in Figure 1 . This apparatus has been used recently to decelerate beams of O atoms and O 2 molecules [39] . Here, we restrict ourselves to a description of the experimental details that are specific to the production, deceleration and detection of the NH radical. . Schematic depiction of the experimental setup. NH molecules in the X 3 Σ − electronic ground state are created by an electric discharge of NH3 seeded in either Kr or Xe. The beam is collimated by a skimmer, and then passed through a Zeeman decelerator consisting of an alternating array of 100 pulsed solenoids and 100 permanent magnets. The NH radicals exiting the Zeeman decelerator are guided into the detection region by a number of additional hexapoles (not shown), and detected using velocity map imaging. State-selective and ion recoil-free ionization is achieved using a two-color 1+2' REMPI scheme employing two tunable dye lasers.
A molecular beam of NH (X 3 Σ − ) molecules with a forward velocity centered around 550 or 430 m/s is formed by an electric discharge of 2% NH 3 seeded in krypton or xenon, respectively, using a Nijmegen Pulsed Valve with discharge assembly [40] . This valve is operated at a repetition rate of 10 Hz. After the supersonic expansion, most NH radicals in the X 3 Σ − electronic ground state reside in the v = 0, N = 0, J = 1 rovibrational ground state. This state has a magnetic moment of 2 µ B , and splits into a M J = 1, M J = 0 and M J = −1 component in the presence of a magnetic field. Only NH radicals in the low-field seeking M J = 1 component are selected by the Zeeman decelerator in the experiments, although molecules in the M J = 0 component are insensitive to magnetic fields and pass through the Zeeman decelerator in free flight. Their density, however, is heavily reduced during this flight, such that their contribution is negligible under most conditions.
Approximately 90 mm downstream from the nozzle orifice, the molecular beam passes a 3 mm diameter skimmer, and enters the Zeeman decelerator. The Zeeman decelerator consists of an alternating array of 100 solenoids and 100 hexapoles. A detailed description of the mechanical and electronical implementation is given elsewhere [41] . Briefly, the decelerator consists of 5 modules containing 20 solenoids and 19 hexapoles each, that are connected to each other using a hexapole positioned at the interface between the modules. The solenoids are made of copper capillary through which currents up to 5 kA are pulsed. Cooling liquid is passed through the solenoids. Each solenoid is connected to an individual printed circuit board to provide the current pulses using FET-based electronics components. The hexapoles consist of six commercially available arc-shaped permanent magnets.
The NH (X 3 Σ − ) radicals that exit the Zeeman decelerator are state-selectively detected using REMPI. Depending on the experiment, different REMPI schemes are used. To record time-of-flight (TOF) profiles of the radicals exiting the decelerator, we use a 2+1 REMPI scheme. In this scheme, NH is first resonantly excited to the D 3 Π state using photons at a wavelength around 224 nm, before they are ionized by absorption of a third photon of the same wavelength [42] .
Although rather efficient, this 2+1 scheme via the D state imparts a recoil velocity of about 38 m/s to the ions, significantly blurring the recorded images when VMI is used. This is inconsequential for the measurement of TOF profiles, but it is detrimental in, for instance, measurements of scattering images in a crossed-beam experiment. We therefore developed an alternative ion recoilfree 1+2' REMPI scheme. In this scheme, we first resonantly excite NH to the A 3 Π state via the strong A ← X transition, using photons at a wavelength around 336 nm. The NH radicals are then ionized through the absorption of 2 photons at a wavelength around 254 nm that are provided by a second tunable dye laser.
In this 1+2' REMPI scheme, the wavelength of the ionization laser can be tuned to the ionization threshold, offering a direct route to recoil-free detection of NH. However, the ionization step is found to be rather inefficient. The electron configuration of NH (A 3 Π) is given by 1σ 2 2σ 2 3σ1π 3 , whereas the configuration for the X 2 Π ground-state NH + ion is given by 1σ 2 2σ 2 3σ 2 1π, i.e., two electron transitions are involved in the ionization step [43] . We found that the ionization efficiency of this 1+2' REMPI scheme is enhanced by more than an order of magnitude if the frequency of the ionization laser is bluedetuned by about 600 cm −1 with respect to the ionization threshold. The origin of this enhanced efficiency is at present unclear, and more spectroscopic work is needed to elucidate the exact ionization pathway for this peak. We speculate, however, that it could be related to resonant excitation to a Rydberg state that auto-ionizes either to the X 2 Π ground-state of the NH + ion, or to the close-lying a 4 Σ − first excited state of NH + . The latter has electron configuration 1σ 2 2σ 2 3σ1π 2 [43] , such that during the ionization process only a π electron has to be excited. We have observed that this more efficient ionization pathway is accompanied by a small ion recoil velocity of a few m/s. When using the 1+2' REMPI scheme, we therefore have a trade-off between ionization efficiency and ion recoil velocity. By simply changing the wavelength of the ionization laser, signal intensities can be enhanced at the expense of a few m/s velocity blurring.
For the 2+1 REMPI scheme via the D state, the 224 nm light is generated by frequency tripling the output of a dye laser (LiopTec), pumped using the second harmonic of an injection seeded Nd:YAG laser (Continuum Surelite EX). Typically, a 5 mm diameter laser beam with a pulse energy of 2 mJ in a 5 ns pulse is used, that is focused in the interaction region using a spherical lens with 500 mm focal length. For the two-color 1+2' REMPI scheme, the (unseeded) Nd:YAG laser is used to pump two dye lasers simultaneously. The second harmonic of the Nd:YAG laser is used to pump a Spectra Physics PDL2 dye laser, which is frequency doubled to produce radiation at 336 nm. The A ← X transition in NH is easily saturated, and only low laser powers (< 1 mJ) are needed. The second color is produced by pumping a LiopTec dye laser by the third harmonic of the Nd:YAG laser. The output of this laser is frequency doubled to generate laser radiation at wavelengths around 254 nm. Typically, a 5 mm diameter laser beam with a pulse energy of 1.5 mJ in a 5 ns pulse is used, that is focused in the interaction region using a spherical lens with 400 mm focal length. A delay line is installed in the beam path for the second color to make sure that both lasers intercept the interaction region within the 449 ns lifetime of the A 3 Π state [44] . After the REMPI process, the NH ions are detected with a VMI detector, of which the ion optics consist of a repeller, two extractors, and a grounded plate. A repeller voltage of 2000 V is used to accelerate the ions towards a microchannel plate (MCP) detector. Impact positions of impinging ions are recorded by a phosphor screen in combination with a CMOS camera and home-written acquisition and analysis software. For the measurement of TOF profiles, the VMI detector is operated out of velocity focus, and the integral signal recorded by the camera is used. For the measurement of velocity distributions, the VMI detector is operated in velocity focus, such that 2D images that reflect the velocity distributions of the molecular packets are generated.
III. RESULTS AND DISCUSSION

A. Time-of-flight measurements
The Zeeman decelerator is used in two modes of operation. In the so-called hybrid mode [45] , each solenoid is pulsed twice to guide a packet of NH radicals through the decelerator at constant speed. This mode of operation is very similar to operation of a Stark decelerator in guiding mode [46] . In the so-called deceleration mode, only a single current pulse is passed through each solenoid. Depending on the exact timings, governed by the socalled phase angle φ 0 [18, 45] , a near constant amount of kinetic energy is removed from the packet of NH per solenoid. The packet therefore exits the decelerator at a lower longitudinal velocity, which is controlled by the pulse-sequence of the solenoids only.
Typical TOF profiles of NH (X 3 Σ − , N = 0, J = 1) radicals that are observed when the Zeeman decelerator is operated in hybrid mode and deceleration mode are shown in Figure 2 . Krypton (panels a and b) or xenon (panels c and d ) is used as a carrier gas in these experiments. In both modes of operation, the decelerator is programmed to select a packet of NH with a mean speed of 510 m/s (Kr) or 450 m/s (Xe). In hybrid mode, the selected packet is transported through the decelerator, while keeping the packet together in both the longitudinal and transverse directions. It appears in the TOF profile as a narrow and intense peak that is well separated from the remainder of the gas pulse. In deceleration mode, the decelerator is programmed to reduce the mean speed of the selected part to 350 m/s (Kr) or 250 m/s (Xe). The decelerated packet of NH is detected much later, and is seen to be split off from the part of the beam that is not decelerated. Either krypton (upper panels) or xenon (lower panels) is used as a carrier gas to produce the initial beam of NH. The decelerator is used in hybrid mode (panels a and c) or in deceleration mode (panels b and d ). In each panel, the experimentally observed profile (red curves) is shown above the simulated profile (blue curves).
All TOF profiles show very good agreement with the TOF profiles that are obtained from three dimensional trajectory simulations of the experiment, that are shown underneath the experimental profiles. In these simulations, the magnetic field distributions generated by the solenoids and hexapoles are taken into account, as well as the temporal current profiles applied to the solenoids. The initial beam of NH is simulated using Gaussian spatial and velocity spreads. In the simulations, the NH radicals are assumed to exclusively reside in the M J = 1 component of the N = 0, J = 1 state. All main features of the experimentally observed TOF profiles are well reproduced by the simulations, indicating that the transport of the molecules through the decelerator is accurately described by the simulations and well understood.
The final velocity of the decelerated packet can be tuned by changing the phase angle with which the decelerator is operated, or by selecting a different initial velocity of the beam pulse. In figure 3 a series of TOF profiles is shown that is observed when the Zeeman decelerator is programmed to produce packets of NH with a final velocity ranging between 510 m/s and 150 m/s. The profiles in panel a and b are observed when molecular beams of NH are produced using Kr and Xe as a carrier gas, again selecting initial speeds of 510 m/s and 450 m/s, respectively. Only the parts of the TOF profiles containing the selected packets are shown. For reference, the peaks that are observed when the decelerator is operated in hybrid mode are shown again. In addition, the profiles are shown that are observed when the solenoids are not activated, i.e. when the beam is only transversally focused by the hexapoles. The profiles that result from the numerical trajectory calculations are shown underneath the experimental profiles. Again, very good agreement between experiment and simulation is obtained, both with respect to the arrival time distribution of the packet, and with respect to the relative intensities of the peaks.
It is notoriously difficult to estimate particle densities from the observed signal levels. We therefore refrain from such an estimate; but note that typically a few hundred ions per shot are detected when the 2+1 REMPI scheme is used, the Zeeman decelerator is operated in hybrid mode, and Kr is used as a seed gas. These signal levels appear relatively large in comparison to the Zeeman deceleration of O atoms and O 2 molecules reported earlier [39] .
B. Measurements of velocity distributions
The velocity-controlled packets of NH that exit the Zeeman decelerator are analyzed further by recording their velocity distributions using the VMI detector. For different settings of the decelerator, the NH packet is probed at the time where the time-of-flight profile has maximal intensity. We refer to these as beamspot measurements. For these measurements, we use the 1+2' REMPI scheme, where we select the frequency of the second color to ionize NH just above threshold. Furthermore, in order to avoid potential blurring due to excessive signal levels and Coulomb repulsion, we work with attenuated laser powers such that a maximum of one ion per shot is recorded.
In Figure 4 three such beamspots are shown that are recorded when Kr is used as a seed gas to produce the initial beam of NH. The beamspots are presented such that the longitudinal and transverse directions are oriented horizontally and vertically, respectively. In panel a, the Zeeman decelerator is operated in hybrid mode, selecting a packet of NH with a mean velocity of 510 m/s. Panels b and c show the beamspots that are recorded when the decelerator is operated in deceleration mode using an effective phase angle of about 0
• and 29
• , producing a packet of NH with a final velocity of 350 m/s and 300 m/s, respectively. It is observed that the longitudinal velocity distribution is widest when the Zeeman decelerator is operated in hybrid mode, and becomes increasingly narrow when the NH packet is decelerated to lower final velocities. The transverse spread, however, is observed to be almost identical for all modes of operation.
The shapes of the recorded beamspots directly reflect the velocity distributions of the NH packets, which can be analyzed quantitatively. For this, we carefully calibrated the VMI detector using a procedure originally developed for Stark decelerators, which entails the measurements of a series of beamspots as a function of the final velocity of the decelerated packet [47] . For the VMI detector used here, we find that one pixel in the images corresponds to a velocity of 2.3 m/s.
The resulting longitudinal and transverse velocity distributions of the three beamspots are shown in panels d and f, respectively. The width (full width at half maximum) of the longitudinal distributions ranges between 20 m/s and 8 m/s, whereas all transverse distributions have a width of about 9 m/s. As a comparison, the corresponding distributions resulting from the numerical trajectory calculations are shown in panels e and g. A very good agreement between the experimental and simulated profiles is observed. Qualitatively, the decreasing width of the longitudinal distributions and the insensitivity of the observed transverse distributions to the different modes of operation is reproduced well by the simulations. Quantitatively, the measured profiles have a little larger width than the simulated profiles. We mainly attribute this to small blurring effects of the non-perfect velocity mapping conditions of our VMI detector. Furthermore, the simulated magnetic field distributions of hexapoles and solenoids might deviate from the actual ones, and the simulated molecular beam distribution at the entrance of the decelerator may not perfectly describe the actual distribution present in the experiment. The observed trends in the velocity distributions can be directly understood from the operation principles of the Zeeman decelerator. The longitudinal velocity spread of the selected packet is governed by the longitudinal phase-space acceptance of the decelerator, given by the so-called separatrix [45] . This separatrix is largest for hybrid mode, and becomes smaller as the final velocity of the packet is reduced in deceleration mode. The transverse spread is almost exclusively governed by the hexapoles; the solenoids have only a minor effect on the transverse motion. This transverse motion is thus almost independent on the currents passed through the solenoids, resulting in a near-identical transverse distribution in all cases. These observations are consistent with the design concept of our Zeeman decelerator, that entails the decoupling of the longitudinal deceleration and transverse focusing properties [45] . The resulting unequal partitioning of the decelerator acceptance between the longitudinal and transverse directions, as demonstrated here experimentally, is ideal in scattering experiments.
IV. CONCLUSIONS
We have presented the successful Zeeman deceleration of ground-state NH (X 3 Σ − , N = 0, J = 1) radicals, using a Zeeman decelerator consisting of 100 solenoids and 100 hexapoles. Packets of NH with well-defined spatial, velocity and temporal spreads are produced with final velocities in the 510-150 m/s range. We presented a new 1+2' resonance-enhanced multiphoton ionization scheme, that allows for velocity map imaging detection of NH under ion recoil-free conditions. We have used this detection scheme to experimentally determine the velocity spreads of the packets of NH exiting the Zeeman decelerator. These measurements confirm that the longitudinal velocity spread is governed by the mode of operation of the decelerator, whereas the transverse spread is independent of the operation mode and almost exclusively determined by the hexapoles. This work is primarily aimed at the use of NH in controlled crossed-beam scattering experiments, but the Zeeman deceleration of NH and the 1+2' REMPI scheme presented here may find applications in experiments that aim for the trapping of NH after Zeeman deceleration as well.
V. ACKNOWLEDGEMENTS
